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a b s t r a c t
Based on the fractional volume of fluid (VOF), a pure Eulerian model for defining and
capturing the gas/liquid interface is developed in this paper. This model can describe
gas/liquid interface in high refinement, which is better than the original VOFmethodology.
To validate the proposed model and the algorithm, the computational code is employed
to predict the flow performance in a cylindrical swirl injector under cold-flow condition,
and the predicted results agree well with experimental measurements. Furthermore,
the proposed model is used to simulate gas–liquid reacting flows inside a gas/liquid
coaxial swirl injector operating in a hot environment. The turbulent combustion process
is simulated with the k− ε − f − g model. The numerical simulation is carried out under
actual operating condition of the coaxial injector. The injector performances, such as liquid
film thickness, liquid film injection velocity, spray angle, pressure drop, are obtained based
on the detailed information of the internal flow field. The predicted results also show that
droplets are shed from the liquid film in the recess cup of the coaxial injector because of
the large velocity gradient between the gas and liquid streams, and a burning area, which
is characterized by high temperature, is present inside the injector.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Gas/liquid swirl coaxial injectors have been successfully used in liquid rocket engines (LRE) for their good atomization
performances and high efficiency of propellant mixing. For decades, lots of research works on these types of injectors
have been done. Most of them are cold-flow experimental investigations, from which empirical correlations are obtained
for designing the injectors. In spite of these achievements, however, still some problems remain and more efforts have
to be made for investigating the swirl coaxial injectors. For example, still not enough information is known about the
performances of swirl coaxial injectors in a hot environment. The reason lies in that most of the current research works
were carried out under the low pressure and ambient temperature conditions. It is extremely difficult to set up a high
pressure and high temperature environment which is close to the actual operating condition of a combustion chamber of
LRE during experimental research. As a result, current coaxial injector design guidelines are largely extrapolated from a
data base at lower pressures and much lower temperatures to their real operating condition [1]. Another example is that
the detailed process inside the gas/liquid swirl coaxial injector is not well understood, in which interaction between the gas
and liquid streams, primary atomization caused by the large velocity gradient between the phases, turbulent mixing, and
chemical reactions are present. The internal flow features of the swirl coaxial injectors directly affect the performances
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Fig. 1. Schematic of the coaxial injector.
and reliability of the injector. The chemical reaction inside the swirl coaxial injector, if it does occur, is of particular
importance in addressing the possibility of erosion of the injector structure, whose severity would be increased when
the swirl coaxial injector is used in the reusable launching vehicles (RLV). Unfortunately, until now there is no effective
method and instrument to measure detailed flow properties near the injector under the engine operating condition and
of the real engine configuration [2]. Nor is it possible to measure the internal flow features of the injector in hot-fire
tests. For these reasons the design of a swirl coaxial injector still relies on the experiences of the designers. The need to
understand the underlying flow physics of the injector and the spray combustion process without having to rely solely
on hot-fire measurements is obvious. Therefore, in addition to experimental studies the LRE design community has been
making tremendous efforts to understand the injection phenomena by developing analytical design tools [1,2].
With the advent of more powerful computers and the improvement of computational techniques, it is now becoming
increasingly feasible to analyze the complex, multi-phase internal flow field of a swirl coaxial injector at actual hot
conditions. CFDmodeling becomes a newdesign tool that can offer an analyticalmeans to assess the effects of design changes
without resorting to expensive experimentation in the designing of the injectors, especially during upgrading andmodifying
the preliminary design concepts.
This paper presents a numerical study on gas/liquid flow inside a gas/liquid coaxial swirl injector, the purpose of which
is to investigate the injector performances in a hot environment. A computational model of the turbulent reacting flow
inside the gas/liquid swirl coaxial injector was established and a numerical simulation was carried out correspondingly to
the actual operating condition of the injector.
2. Problem description
Fig. 1 is a schematic of the swirl coaxial injector and the gas/liquid flow in it. The injector consists of an inner tube with
an orifice on the top wall and an outer tube with tangential holes on the side wall. The gas enters into the injector from
the inflow orifice on the top; the liquid enters through tangential inlet holes. In the current study, the gas is oxygen-rich
combustion product, comes from the gas generator, and the liquid is kerosene that comes from the cooling channel of the
combustion chamber. Due to the centrifugal force, the kerosene flows along the wall of the injector in the form of a thin
liquid film, while the central part of the injector is occupied by oxygen-rich gas. An interface exists between the gas and
liquid phases. The large velocity gradient between the gas and liquid streams causes a primary atomization. Droplets are
shed from the liquid film in the recess cup of the coaxial injector. The combustion chamber pressure in this study is 10 MPa
and the mean temperature in the chamber is about 3800 K which means that the coaxial injector operates under such a
high pressure and high temperature condition that is well beyond the critical temperature and critical pressure of kerosene.
Such a hot environment of the injector indicates the short life span of the droplets shed from the liquid film and they will
be instantaneously evaporated and then combusted with the oxygen-rich gaseous oxidizer. The above processes inside the
swirl coaxial injector, including gas and liquid flow, primary atomization, chemical reaction, were numerically simulated.
Injector performances such as liquid film thickness, liquid film injection velocity, spray angle, pressure drop, were obtained
on the basis of detailed information of the internal flow field.
Fig. 2 shows the geometry of a cylindrical swirl injector and the liquid film in it. The flow features of the cylindrical
swirl injector in a cold-flow condition was calculated and compared with the experimental measurements to validate the
computational model.
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Fig. 2. A cylindrical swirl injector.
Table 1
Expressions of ρ, φ, u, v,w, p, Γφ , Sφ for the liquid phase governing equations.
Equations φ Γφ ρ u v w p k ε Sφ
Continuity 1 0 ρl ul vl wl pl kl εl 0
u equation u µe ρl ul vl wl pl kl εl − ∂p∂x + ∂∂x

µe
∂u
∂x
+ 1r ∂∂r rµe ∂v∂x + ρgx
v equation v µe ρl ul vl wl pl kl εl − ∂p∂r + ∂∂x

µe
∂u
∂r
+ 1r ∂∂r rµe ∂v∂r − 2r µe vr +
ρw2
r + ρgr
w equation w µe ρl ul vl wl pl kl εl − 1r ∂∂r (µew)+ 1r µe ∂w∂r − µewr2 + ρgθ − ρvwr
k equation k µe
σk
ρl ul vl wl pl kl εl Gk − ρε
ε equation ε µe
σε
ρl ul vl wl pl kl εl εk (C1Gk − C2ρε)
µe = µ+ µT ,µT = Cµρk2/ε,Gk = µT

2

∂u
∂x
2 +  ∂v
∂r
2 +  vr 2+  ∂w∂x 2 +  ∂u∂r + ∂v∂x 2 +  ∂w∂r − wr 2
3. Computational model and numerical algorithm
An important aspect of numerical simulation of the internal flow field of a gas/liquid swirl coaxial injector is the accurate
capturing of the liquid/gas interface, the geometry of which is not known a priori and must be determined as part of the
solution. The computational model was established by making use of a fractional volume of fluid (VOF) variable, firstly put
forward by Hirt and Nichols [3], to describe the distribution of the liquid phase in a gas–liquid flow field. A pure Eulerian
scheme of defining and capturing the gas/liquid interface, based on Liang’s methodology [4], was developed. The Reitz wave
instability model [5] and the k − ε − f¯ − g turbulent combustion model were incorporated. The flow is considered to be
axisymmetric and incompressible. Any drops present in the coaxial injector are assumed instantaneously evaporated. The
governing equations for both the liquid and gas phases can be written in general terms as follows.
∂
∂t
(ρφ)+ ∂
∂x
(ρuφ)+ 1
r
∂
∂r
(rρvφ) = ∂
∂x

Γφ
∂φ
∂x

+ 1
r
∂
∂r

rΓφ
∂φ
∂r

+ Sφ . (1)
The expressions of ρ, φ, u, v,w, p, Γφ , Sφ are given in Tables 1 and 2 for the liquid phase and the gas phase, respectively. The
model constants are given in Table 3.
Transportation equations for VOF variable are written as
∂
∂t
(ρlαl)+ ∂
∂x
(ρlulαl)+ 1r
∂
∂r
(rρlvlαl) = − ρ˙
evaporation
(2)
∂
∂t
(ρgαg)+ ∂
∂x
(ρgugαg)+ 1r
∂
∂r
(rρgvgαg) = ρ˙
evaporation
(3)
αl + αg = 1 (4)
where ρ˙
evaporation
is the evaporation rate of the liquid and αl, αg are the fractional volume of liquid and gas, respectively. Only
one equation of Eqs. (2) and (3) is solved, the other one is used as the continuity equation for pressure correction in the
interface-containing cells, where the fractional volume of the fluid (αl, or αg ) is between 0 and 1.
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Table 2
Expressions of ρ, φ, u, v,w, p, Γφ , Sφ for the gas phase governing equations.
Equations φ Γφ ρ u v w p k ε Sφ
Continuity 1 0 ρg ug vg wg pg kg εg 0
u equation u µe ρg ug vg wg pg kg εg − ∂p∂x + ∂∂x

µe
∂u
∂x
+ 1r ∂∂r rµe ∂v∂x + ρgx
v equation v µe ρg ug vg wg pg kg εg − ∂p∂r + ∂∂x

µe
∂u
∂r
+ 1r ∂∂r rµe ∂v∂r − 2r µe vr +
ρw2
r + ρgr
w equation w µe ρg ug vg wg pg kg εg − 1r ∂∂r (µew)+ 1r µe ∂w∂r − µewr2 + ρgθ − ρvwr
k equation k µe
σk
ρg ug vg wg pg kg εg Gk − ρε
ε equation ε µe
σε
ρg ug vg wg pg kg εg εk (C1Gk − C2ρε)
f¯ equation f¯ µe
σf
ρg ug vg wg pg kg εg 0
g equation g µe
σg
ρg ug vg wg pg kg εg Cg1µe
[
∂ f¯
∂x
2 +  ∂ f¯
∂r
2]− Cg2ρg εk
µe = µ+ µT ,µT = Cµρk2/ε,Gk = µT

2

∂u
∂x
2 +  ∂v
∂r
2 +  vr 2+  ∂w∂x 2 +  ∂u∂r + ∂v∂x 2 +  ∂w∂r − wr 2
Table 3
Model constants.
Cµ C1 C2 σk σε σf σg Cg1 Cg2
0.09 1.84 1.44 1.0 1.3 1.0 1.0 2.8 1.84
Fig. 3. Computational domain of the swirl coaxial injector and the cylindrical swirl injector.
As the drops are assumed to be evaporated instantaneously as soon as they are shed from the liquid film, the evaporation
rate is equal to the rate of droplet formation rate in the primary atomization process, which is calculated using the Reitz
wave instability model [5].
The computational domain is shown in Fig. 3. A finite volume formation was employed for the derivation of the
discretization equations. A grid with rectangular mesh covers the computational domain. A staggered grid is used for
pressure and the velocity cells. For gas/liquid swirl coaxial injector a 207× 106 grid is used and for cylindrical swirl injector
a 268× 52 grid is used. The SIMPLEC method was used for solving the flow field. To minimize numerical smearing, special
treatments are necessary when evaluating the advection of αl in Eq. (2). In this paper a kind of donor–acceptor method was
employed.
During the computation, the grids are fixed but the location of the interface is changing with time. At each time step
Eqs. (1) and (2) are solved. Then the exact location and orientation of the interface is inferred based on the local magnitude
and distribution of αl through a pure Eulerian interface capturing scheme whose main features are explained briefly below.
The interface capturing scheme includes three main steps. The first step is the coloring of the cells. In this step a global
sweep over the mesh is conducted and three types of cells (purely gaseous, purely liquid and interface-containing cells) are
determined by a logical procedure. The purely gaseous cells are colored white, the purely liquid cells are colored green and
the interface-containing cells are colored yellow. The second step is to determine the orientation of the interface according
to the local distribution of the yellow cells. The third step is to determine the location of the interface segment in each
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Fig. 4. Interface capturing scheme.
Table 4
Main parameters of the operating condition.
Combustion chamber pressure 10 MPa
Combustion chamber temperature 3800 K
Density of the oxygen-rich gas 57.04450kg/m3
Inlet temperature of kerosene 493.15 K
Inlet density of kerosene 701.2 kg/m3
interface-containing cell by putting watermarks in each interface-containing cell. After these three steps, the watermarks
are joined together to give a representation of the interface. These steps are illustrated in Fig. 4.
The method presented above is based on Liang’s method [4], used in ARICC-ST code [6,7]. However, a different approach
for defining the interface-containing cells was used. The difference lies in that in the coloring process (step 1) of this study
the cell linkage determination is omitted because of the usage of a different logical procedure and different topological rules
for defining the interface-containing cells. Furthermore, two sets of control equations for liquid and gas phases were set
up independently. The variables for each phase were defined separately so that the preferential distribution of fluid mass
within a cell would not be conducted during the computation.
Boundary conditions are given as follows. At the injector inlet, radial and swirl velocity components are specified. In
the computational model, there is an annular inlet slot, but the real configuration has a finite number of inlet holes. So
for the 2D model it is impossible to give the actual boundary conditions and it is necessary to find an equivalent inlet
condition. The computational inlet condition should match the total mass flow rate and the inlet angular momentum. The
inlet swirl velocity is determined by matching the angular momentum. Also the inlet turbulent parameters are specified.
When determining the outlet conditions a local parabolized condition was used. At the axis, the first normal derivatives
were set to zero. On the wall, the non-slip boundary conditions were used. The wall function method was used to calculate
the wall stress. At the interface: the balance of the shear force and the balance of the pressure between the phases should
be kept.
4. Results and discussion
A numerical simulation of the internal flow field of a swirl coaxial injector was conducted under the actual working
condition, whose main parameters are given in Table 4. The velocity, pressure, temperature distribution and the geometry
of the liquid film were obtained.
Fig. 5 shows a vector plot of the internal flow field. It can be seen that there is a large velocity gradient between the
gas stream and the liquid stream. This large velocity gradient causes the primary atomization in the recess cup of the swirl
coaxial injector. Fig. 6 gives a picture of the pressure distribution. For the gas phase, the pressure increases along the axial
direction, while the liquid pressure decreases along the stream. From the inlet of the injector to the outlet, the total variation
of the gas pressure is rather small. This means that the incompressible assumption of the gas phase is feasible in the current
study. The streamlines in Fig. 6 clearly depict the shape and the location of the recirculating zones in the injector. It is seen
that there is a larger recirculating zone near the inlet of gas and other two smaller recirculating zones exist in thewake of the
tip of the inner tube. The location and the shape of the liquid film are shown in Fig. 7. Fig. 8 shows the variation of the liquid
film thickness along the axial direction. Although the injector is in a high temperature and high pressure environment, an
entire liquid film still exists in the recess cup of the injector. From Fig. 7 it is noticed that the liquid film covers the end part of
the inner tube, which is favorable for cooling of the inner tube. The liquid film thins rapidly at the exit of the injector, which is
a typical phenomenon in swirl injectors. The temperature field inside the coaxial injector is shown in Fig. 9. There is an area
of high temperature (higher than 3800 K) in the recess cup. This high temperature zone corresponds to an area of chemical
reaction which begins at the tip of the inner tube and extends to the exit of the coaxial injector. It is therefore clear that the
spray combustion of this type of coaxial injector begins from inside the injector. The high temperature zone is located close
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Fig. 5. Velocity vector in the swirl coaxial injector.
Fig. 6. Pressure distribution and streamlines in the swirl coaxial injector.
Fig. 7. Liquid film in the swirl coaxial injector.
Fig. 8. Liquid film thickness.
to the liquid film and thus the film surface temperature is increased under the influence of the high temperature zone. For
the greater part of the entire length of the liquid film, the surface temperature exceeds the critical point of kerosene.
The injector performances, such as liquid film thickness, liquid film injection velocity, spray angle, pressure drop, were
calculated on the basis of the detailed information of the internal flow fieldmentioned above. The results are given in Table 5.
Numerical simulation was also conducted for a cylindrical swirl injector. In Fig. 10, the streamlines and geometry of the
liquid film of the swirl atomizer are shown. The red color shows the liquid area and the blue color shows the gas area. The
liquid film locates in the outer part of the atomizer, which is close to the wall and the central part is occupied by gas. The
thickness of the liquid film increases in the axial direction. In the central part of the atomizer there is a recirculating zone
which extended the whole length of the atomizer.
At the atomizer exit, the liquid sheet thins significantly. This is a typical phenomenon in swirl atomizer and it is quite
useful for atomization. A number of workers have explained about this phenomenon [8]. In fact, the pressure distribution
at the injector exit is quite different from the pressure distribution inside the atomizer. Inside the atomizer in the radial
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Fig. 9. Temperature field inside the swirl coaxial injector.
Fig. 10. Internal flow field of the cylindrical swirl injector.
Table 5
Calculated performances of the swirl coaxial injector.
Performance Value
Pressure drop of liquid 1.04 MPa
Flow rate of liquid 0.118 kg/s
Discharge coefficient of liquid 0.02924
Mean annular velocity of liquid film at exit 26.5 m/s
Mean axial velocity of liquid film at exit 13.3 m/s
Spray angle 126.70°
Liquid film thickness at exit 0.42 mm
Table 6
Comparison of calculated spray angle
with the experimental measurement.
Spray angle
Experiment 86°
Calculation 84.89°
direction, the pressure increases while at the exit the pressure remains constant and is equal to the environment pressure.
Thus, part of the pressure will turn to velocity when the liquid flows to the exit. Therefore, the cross-section mean axial
velocity at the exit will be greater and consequently the liquid film will get thinner.
The aim of the numerical simulation of the cylindrical swirl injector is to validate the computational model and the
numerical algorithm in this study. Experiments were carried out for this cylindrical swirl injector. The comparison of the
calculated spray angle with the experimental measurements is given in Table 6. A photograph of the spray of the swirl
injector is shown in Fig. 11. The computational result agrees well with the experimental measurement.
5. Conclusion
The following conclusions are drawn from the numerical simulation of the coaxial injector and the cylindrical swirl
injector.
1. A picture of the complex reacting flow field inside the gas/liquid swirl coaxial injector has been produced using numerical
means. More detailed information than has been available with older theoretical models or experimental investigations
is generated.
2. The injector performances, such as liquid film thickness, liquid film injection velocity, spray angle, pressure drop, were
obtained on the basis of detailed information of the internal flow field of the injector operating under the actual operating
condition.
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Fig. 11. A photograph of the spray of the cylindrical swirl injector.
3. Results of the study show that droplets are shed from the liquid film in the recess cup of the coaxial injector because
of the large velocity gradient between the gas and liquid streams and an area of combustion, which is characterized by
high temperature, is present inside the injector. The internal high temperature combustion zone indicates that the spray
combustion of the coaxial injector begins from inside the injector.
4. The primary atomization and combustion process, which begins from inside of the coaxial injector, is favorable for the
efficient atomization and combustion of the propellants in the combustion chamber. But it also poses a challenge to the
hardware integrity of the coaxial injector. More detailed studies on the thermal state of structure of the coaxial injector
are needed to address the possibility of erosion of the injector structure as far as their proposed use in the future reusable
launching vehicles is concerned.
5. Although the computational spray angle of a cylindrical swirl injector agrees well with the experimental measurement,
more experiments are required for model validations/tunings.
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